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Arterial ageing is characterized by age associated degeneration and sclerosis of the media layer of the large arteries. However, besides 
ageing, clinical conditions, which enhance oxidative stress and inflammation act to accelerate the degree of arterial ageing. In this review, 
we summarized the pathophysiology and contributing factors that accelerate arterial ageing. Among them, we focused on hypertension, 
the renin-angiotensin-aldosterone system and vascular inflammation which are modifiable causes of the arterial ageing process. Also, novel 
treatment targets derived from the disease models such as the Hutchinson Gilford Progeria Syndrome were reviewed. (Korean Circ J 
2013;43:73-79) 
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Introduction 

Ageing is associated with the increasing stiffness of the large ar- 
teries. Studies have shown that increased arterial stiffness, which 
is a clinical parameter that reflects the degree of arterial ageing, is a 
significant predictor of cardiovascular disease independent from 
blood pressure and other cardiovascular risk factors. Arterial stiff- 
ness is mainly associated with a patient's age and is also significant- 
ly influenced by other conditions that induce oxidative stress. Recent 
studies revealed the molecular mechanism as well as pathologic 
findings of the arterial ageing processes. This article will cover the 
pathophysiology of arterial ageing, recent evidence regarding the 
treatment of arterial aging and novel treatment targets that are in- 
vestigated. 

Ageing and Vascular Changes 

Structural changes 

Arteriosclerosis is the pathological term that is used frequently to 



Correspondence: Sung-Ha Park, MD, Division of Cardiology, Severance 
Cardiovascular Hospital, Yonsei University College of Medicine, 50 Yonsei- 
ro, Seodaemun-gu, Seoul 120-752, Korea 
Tel: 82-2-2228-8455, Fax: 82-2-2227-7732 
E-mail: SHPARK0530@yuhs.ac 

• The authors have no financial conflicts of interest. 

This is an Open Access article distributed under the terms of the Creative 
Commons Attribution Non-Commercial License (http://creativecommons. 
org/licenses/by-nc/3.0) which permits unrestricted non-commercial use, 
distribution, and reproduction in any medium, provided the original work 
is properly cited. 



describe arterial ageing. However, arteriosclerosis is a broad defini- 
tion encompassing atherosclerosis, Monckeberg medial calcific scle- 
rosis, and arteriolosclerosis. 1 " 31 However, none of these terms can des- 
cribe exactly all of the pathological changes of the ageing arteries, 
for example, age related medial degeneration and sclerosis. 4 ' Com- 
pared to healthy young vessel, aged vessels are characterized by 
increased reactive oxygen species and vascular inflammation that 
results in endothelial dysfunction. Subsequently, vascular smooth 
muscle cells (VSMC) migrate into the subendothelial space then 
proliferate and cause an accumulation of collagen and proteogly- 
can in the intima. 51 On the other hand, the number of VSMCs in the 
media layer decreases due to apoptosis. Moreover, elastin is degrad- 
ed in the media and the space is replaced by collagen accumulation 
and calcification. The elastin degradation of the media layer is one 
of the major pathological findings of arterial ageing and is a major 
reason for the increased stiffening of the large arteries with ageing. 
Various pathways including inflammatory cytokines, adhesion mo- 
lecules, matrix metalloproteinases (MMPs) and transforming growth 
factor-P are involved in the ageing process of the major arteries 6 ' 7 ' 

Functional changes 

The major functional change that occurs with arterial ageing is 
the loss of distensibility. Functional and structural mechanisms ac- 
count for the decreased distensibility and increased stiffness. The 
functional deterioration of the aged arteries are characterized by 
endothelial dysfunction 8191 with significant decrease in the acetylch- 
oline induced nitric oxide dependent vasodilation. 10 ' Also, the num- 
ber of receptors in the vessel and the affinity decreases and conse- 
quent decrement of p2-receptor dependent vasodilation occurs. 11 ' 
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As the large arteries stiffen the velocity of the pulse wave increas- 
es. The measurement of this velocity, called the pulse wave velocity 
(PWV), is a common surrogate marker for assessing the degree of 
arterial ageing. The loss of large arterial distensibility is associated 
with increased forward amplitude, which will increase the systolic 
pressure. Also, increasing PWV will result in the early return of the re- 
flected wave and increased augmented pressure. This will subsequ- 
ently lead to increased systolic blood pressure and pulse pressure 
which lead to more stiffening and thickening of arterial walls in a 
vicious cycle. 111 Even though increased arterial stiffness is a major 
mechanism for the pathogenesis of systolic hypertension in the 
elderly, arterial stiffness itself is an independent risk factor for the 
major cardiac events independent from blood pressure. 121 Studies 
have demonstrated a significant increase in cardiovascular events 
in patients with carotid femoral PWV of 12 meter/sec or higher. 13 ' As 
such, the European Society of Hypertension classifies a person with 
carotid-femoral PWV higher than 12 meter/sec as a high risk hy- 
pertensive patient. 14 ' 151 

Risk Factors That Are Associated with Acceleration 
of Arterial Ageing 

Studies have shown that although ageing is the strongest predic- 
tor of arterial stiffness, the degree of arterial stiffness can be accel- 
erated by various risk factors such as hypertension, smoking, high 
salt intake, dyslipidemia, diabetes mellitus and biomarkers such as 
high sensitive C-reactive protein (hs-CRP). Among these risk factors, 
this review article will focus on hypertension, the neurohumoral me- 
chanism and inflammation. 



in cardiovascular prognosis. 21 ' As the activation of the RAAS path- 
way is important in the pathogenesis of arterial ageing, antihyper- 
tensive drugs that block RAAS may be more effective in reducing ar- 
terial stiffness beyond the blood pressure lowering effect. This has 
been demonstrated in several, small scale studies. Takami et al. 22) 
studied the change of brachial-ankle PWV (baPWV) at the baseline 
and 3 months after drug treatment with 80 mg of valsartan (angio- 
tensin receptor blocker, ARB), 2-4 mg of temocapril (angiotensin 
converting enzyme inhibitor, ACEI), 10 mg cilnidipine (L, N type cal- 
cium channel blocker, CCB) or 20 mg of Nifedipine (L type dihydro- 
pyridine CCB) by the random allocation of 76 patients older than 65 
years of age. Interestingly, valsartan, temocapril, and cilnidpine re- 
duced the baPWV value considerably whereas nifedipine hardly did 
even though there was no difference in the change of blood pres- 
sure between the groups (Fig. 1). Among the anti-hypertensive drugs, 
valsartan demonstrated the strongest effect in reducing the PWV. 

Similarly, Munakata et al 231 randomly assigned 41 hypertensive 
patients into two groups and treated them with valsartan or nifedi- 
pine for 3 months. The reduction of the PWV value was only observ- 
ed in the valsartan group whereas there was no difference in the ch- 
ange of blood pressure between the groups. Both studies comment- 
ed that nifedipine, which is dihydropyridine CCB, did not reduce the 
PWV because the drug increased heart rate which is directly pro- 
portional to PWV. The limitation of both studies was the fact that 
as the PWV value was measured just 3 months after treatment, the 
reduction of PWV may be due to passive destiffening due to blood 
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Hypertension 

Although age is the most important contributing factor to arterial 
ageing, its effect is largely influenced by other clinical factors in- 
cluding hypertension, diabetes mellitus, dyslipidemia or vascular 
inflammation. Benetos et al. 16 ' reported that high blood pressure, 
high pulse rate and high serum creatinine are independent predic- 
tors of arterial stiffness after the analysis of 483 individuals who 
were examined twice over a 6 years period. In the hypertensive pa- 
tients, the progression of arterial stiffness measured by PWV ch- 
ange was significantly higher compared to normotensive patients. 13 ' 
The mechanism could be explained by increased oxidative stress, 17 ' 
vascular inflammation, 18 ' endothelial dysfunction 19 ' and activation of 
the renin-angiotensin aldosterone system (RAAS) 20 ' that is charac- 
teristic of hypertension. Studies have shown that controlling blood 
pressure significantly suppresses the progression of arterial stiffness 
and the suppression of progression regarding arterial stiffness has 
been demonstrated to be associated with significant improvement 
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Fig. 1. Changes in the brachial-ankle pulse wave velocity (AbaPWV) be- 
tween baseline and 3 months after the administration of each agent. Statis- 
tically significant reductions of baPWV compared with the baseline values 
were seen in the valsartan, temocapril, and cilnidipine groups. AbaPWV was 
lowest in the nifedipine CR group. AbaPWV was significantly higher in the 
valsartan group than in the other groups. MeaniSD. One-way ANOVA with 
Scheffe's test. *p<0.01. Reprinted from Takami T, Shigemass M. Hypertens Res 
2003;26:609-14 with permission. 22 ' ANOVA: analysis of variance, CR: con- 
trolled-release. 
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pressure decrease rather than a long term benefit on the structure 
of the arteries. However, the fact that there was a significant differ- 
ence despite a similar reduction in blood pressure suggests a po- 
tential beneficial effect of RMS blockade for reducing arterial stif- 
fness. Also, recent studies have demonstrated evidences to suggest 
that, in addition to the blood pressure lowering effect, ARB or ACEI 
have a protective effect against arterial ageing by anti-oxidation, 
anti-inflammation and improvement of the endothelial function by 
RMS inhibition. 24125 ' Larger studies that could demonstrate whether 
or not the differential effect on PWV may affect long term cardiac 
prognosis is needed. 

Renin-angiotensin-aldosterone system 

Traditionally, RAAS has been known to affect the arteriole and 
cause systemic vasoconstriction, but recent studies have revealed 
that RMS can also change the structure of large arteries by chang- 
ing the important composition such as collagen and elastin. 261 Also, 
neurohumoral modification on the large artery causing endothelial 
cell dysfunction has been known to accelerate arterial ageing 271 Re- 
cent evidence suggests that excess aldosterone may have a detri- 
mental effect on arterial ageing. In a study done of 438 hyperten- 
sive patients who underwent PWV measurement and assessment 
of the aldosterone-renin ratio (ARR), ARR of at least 20 with a se- 
rum aldosterone level higher than 12 ng/dL had significantly high- 
er PWV values compared to hypertensive patients with an ARR 
value lower than 20 after adjusting for contributing factors (Fig. 2). 
Multiple linear regression revealed that aldosterone is significantly 
associated with PWV. 281 

Recent evidence suggests that aldosterone blockade using spi- 
ronolactone reduces arterial stiffness independent from blood pres- 
sure. In a study by Edwards et al. 291 112 chronic kidney disease stage 
2 or 3 patients with well controlled blood pressure who were tak- 
ing RMS blockade at baseline were administered with either spi- 



ronolactone 25 mg or a placebo. The follow-up PWV measurement 
at the 40th week of treatment demonstrated that patients who were 
administered with spironolactone showed a significant reduction 
in PWV and augmentation index independent from blood pressure 
reduction (Fig. 3). Aldosterone, through the activation of the miner- 
alocorticoid receptor, may act to increase arterial inflammation and 
fibrosis. As such, administration of spironolactone may reduce ar- 
terial stiffness and retard arterial ageing through the reduction of 
arterial inflammation and fibrosis. 30 ' 31 ' 

Vascular inflammation 

Vascular inflammation is a well-known contributing factor for the 
pathogenesis of arterial ageing. Necropsy studies done in aged hu- 
man thoracic aortas demonstrate increased levels of angiotensin 
converting enzyme, angiotensin II, angiontensin receptor type 1 
MMPs and MCP-1 compared to the young aortas, suggesting the li- 
kelihood for the significant role of inflammation in the pathogen- 
esis of vascular stiffening. 32 ' The activation of the MCP-1 /CCR2 pa- 
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Fig. 2. Hypertensive patients with ARR >20 and serum aldosterone >12 
ng/dL showed significantly higher PWV values compared with patients 
with ARR <20. Reproduced from Park S, Kim JB, Shim CY, et al. J Hypertens 
2007;25:1279-83 with permission. 281 hfPWV: heart to femoral pulse wave 
velocity, ARR: aldosterone to renin ratio. 
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Fig. 3. Changes of pulse wave velocity and augmentation index was measured 40 weeks after administration of 25 mg spironolactone or placebo in 112 
chronic kidney disease patients who were previously taking RAAS blockade. A: spironolactone group (Spiro) resulted in a significant reduction of PWV (-0.8±1.0 
m/s vs. -0.1 ±0.9 m/s, p<0.01). B: augmentation index (auglx) was significantly reduced in the spironolactone treated group compared with the placebo 
(-5.2±6.1°/o vs. -1.4±5.9°/o, p<0.05). Reproduced from Edwards NC, Steeds RP, Stewart PM, Ferro CJ, Townend JN. J Am Coll Cardiol 2009;54:505-512 with 
permissioin. 291 *p<0.01 , f p<0.05. PWV: pulse wave velocity. 
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thway, which has been demonstrated to have a significant role in 
mediating vascular inflammation and remodeling, further stimu- 
lates vascular inflammation, increases the expression of cell adhe- 
sion molecules, increases the secretion of MMP, amplifies the activi- 
ty of other cytokines and increases VSMC migration. 33 " 35 ' Also, stu- 
dies have demonstrated that inflammatory cytokines stimulate the 
local production of C reactive protein by VSMCs. 36 ' 37 ' CRP, which is 
well known to be a marker of systemic inflammation, has been de- 
monstrated to have an active role in promoting vascular inflamm- 
ation and reducing endothelial function. 38 "*" CRP has been shown 
to be associated with endothelial dysfunction, increased cytokine 
expression, such as monocyte chemoattractant protein-1, and en- 
dothelial cell adhesion molecules. 411 Recent studies have demonst- 
rated a significant association of hs-CRP and arterial stiffness. 42 ' 43 ' A 
study by Chae et al. 44 ' demonstrated that in a normotensive popul- 
ation, increase in hs-CRP is associated with the future development 
of hypertension, suggesting a role for systemic inflammation in the 
pathogenesis of vascular remodeling and hypertension. 

The importance of inflammation in the pathogenesis of arterial 
ageing can be readily seen in patients suffering from chronic inflam- 
matory disease such as rheumatoid arthritis. Studies have clearly 
demonstrated that patients with chronic inflammatory disease have 
increased PWV compared to control subjects in the similar age gr- 
oup and that patients with systemic inflammatory disease have ac- 
celerated arterial ageing that is independent from age and blood 
pressure. 45 " 47 ' In a study by Galarraga et al. 48 ' twenty six rheumatoid ar- 
thritis patients treated with tumor necrosis factor alpha antagonist 
showed significant attenuation of the augmentation index after 2 
and 4 months of treatment which were not observed in 122 patients 
treated with conventional disease-modifying anti-rheumatic drug 
regimens. This demonstrates that reduction of the systemic in- 
flammatory process may reduce inflammation in the arteries and 
subsequently retard the progression of arterial ageing. From the stu- 
dies that have been done regarding the pathogenesis of arterial 
ageing, we propose that risk factors such as ageing, hypertension, 
dyslipidemia, and diabetes all act through the common pathway of 
increased oxidative stress and vascular inflammation that leads to 
adverse vascular remodeling and accelerated arterial ageing. 

Molecular Mechanism of Arterial Ageing 

A disease associated with a proven genetic defect provides us 
with insight into the pathogenesis, molecular mechanism and pos- 
sible therapeutic target of the disease. Arterial ageing exhibits such 
a disease in the Hutchinson Gilford Progeria syndrome (HGPS). The 
molecular defect caused by a single gene defect in HGPS is well de- 
fined and provides numerous of clues for research on the arterial 



ageing process. HGPS is caused by a point mutation in position 1824 
of the LMNA gene, replacing cytosine with thymin, resulting in the 
subsequent deletion of 150 base pairs in Exon 11 which is an im- 
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Fig. 4. Hutchinson Gilford Progeria syndrome is caused by a single base 
change of C to T at position of 1824 of the LMNA gene (B). This mutation 
does not change the encoded amino acid (Glycine) but results in the acti- 
vation of a cryptic splice site 150 nucleotides upstream of the usual exon 
11 -to-1 2 splice junction. As a result, progerin lacks the second cleavage site 
which is found on prelamin A protein of normal population (A) and thus re- 
mains permanently farnesylated. Reprined from Kovascic JC, Moreno P, 
HachinskiV, Nabel EG, FusterV. Circulation 2011 ;123:1650-60 with permis- 
sion. 491 LMNA: laminAandC. 
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Fig. 5. Statins suppress farnesyl pyrophosphate which is substrate for the 
farnesylation by HMG-CoA inhibition. Farnesyl transferase inhibitors report- 
edly suppress arterial ageing in vivo by reducing farnesylated prelamin A 
(=Progerin) accumulation. Rapamycin increase the clearance of farnesylated 
prelamin A by enhancing the autophage mechanism. 
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portant target sequence of the excision enzyme Zmpste24/FACE1. 
As a result, the farnesylated C terminus cannot be removed from the 
prelamin and the protein, which is a major structural component of 
the nuclear lamina along with lamin C, cannot be integrated into 
the nucleus (Fig. 4) 49) This will eventually result in nuclear disruption, 
epigenetic and genetic dysregulation, dysfunction of VSMC prolif- 
eration and increased apoptosis which will result in accelerated ath- 
erosclerosis and premature ageing. For reasons unknown, the aging 
process is most affected in the VSMC, resulting in the affected pa- 
tients dying at an average age of 13 years, mostly due to cerebro- 
vascular disease or myocardial infarct. 50 ' Although progerin does 
not accumulate in the normal ageing process, as oxidative stress in- 
creases the expression of Zmpste24/FACE1 which excises the farne- 
sylated C terminus from the prelamin A protein decreases. 51 ' The re- 
sultant prelamin accumulation and lamin disruption results in pa- 
thologic findings in the vasculature that are similar to those of HG- 
P5_5i)52) resu | ts f rom j-^jj 5 tudy show that any process that in- 
creases oxidative stress, such as the clinical risk factors of acce- 
lerated arterial ageing, may act to inhibit the expression of Zmpste 
24/FACEl and promote arterial ageing. The farnesyl transferase in- 
hibitor and geranyl-geranyl transferase inhibitor are a class of drugs 
that inhibit the prenylation of the C terminus of prelamin and stud- 
ies have shown that the administration of these drugs suppress 
vascular ageing /n-wVo. 53 ' Currently, clinical trials are ongoing to 
demonstrate the efficacy of the farnesyl transferase inhibitor in 
patients with HGP syndrome. 53 " 55 ' A well-known pleiotropic effect 
of HMG-CoA reductase inhibitors is the inhibition of the synthesis 
of farnesyl pyrophosphate or geranyl-geranyl pyrophosphate which 
is an important substrate for progerin formation. 56 ' Some studies 
reported that statins suppress the progression of arterial stiffening 
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Fig. 6. Patients' demographic, clinical risk factors and various inflammatory 
conditions induce oxidative stress and cellular senescence. Progressive telo- 
mere shortening, endothelial dysfunction and a lamin A dependent nuclear 
defect leads to arterial ageing. 



in humans 56 ' 57 ' More recently, rapamycin, which is an inhibitor of 
the mammalian target of rapamycin, reportedly may enhance the 
clearance of mutated lamin by the autophage mechanism (Fig. 5). 581 
Although rapamycin itself may be too toxic to administer systemati- 
cally, it provides an attractive target to explore for discovering the 
possible therapeutic target of arterial ageing. 

In summary, although arterial ageing is naturally observed in the 
normal ageing process, various conditions including hypertension, 
dyslipidemia, diabetes mellitus, cytokines, the genetic condition or 
inflammation enhance oxidative stress and consequent cellular se- 
nescence, and telomere shortening or a lamin A dependent nuclear 
defect ultimately accelerate the arterial aging process (Fig. 6). 

Conclusion 

Arterial ageing can be described as age related medial degenera- 
tion and sclerosis. Aged arteries are associated with endothelial dys- 
function, intima thickening, elastin degradation of the media layer 
and accumulation of collagen and proteoglycans in the media layer. 
The increase in the stiffness of the large arteries will result in in- 
creased systolic blood pressure and is independently associated with 
an increased risk of cardiovascular disease. Various conditions that 
enhance oxidative stress and cellular senescence, through the inhi- 
bition of the expression of Zmpste24/FACE1, cause the accumula- 
tion of prelamin and nuclear defects which will accelerate the arte- 
rial ageing processes. Recently, in vivo studies regarding the efficacy 
of drugs to reduce the laminopathy such as the farnesyl transferase 
inhibitor or rapamycin have been promising and provide new insight 
into the mechanism and treatment of arterial ageing in the future. 

References 

1. Damjanov I, Linder J. Anderson's Pathology. 10th ed. St. Louis, MO: 
Mosby;1996. 

2. Kumar V, Abbas A, Fausto N, Robbins SL, Cotran RS. Robbins and Co- 
tran Pathologic Basis of Disease. 7th ed. Philadelphia, PA: Elsevier Saun- 
ders;2005. 

3. Fishbein GA, Fishbein MC. Arteriosclerosis: rethinking the current clas- 
sification. Arch Pathol Lab Med 2009;133:1309-16. 

4. Sawabe M. Vascular aging: from molecular mechanism to clinical sig- 
nificance. Geriatr Geronto//nf2010;10Suppl 15213-20. 

5. Glass CK, Witztum JL Atherosclerosis, the road ahead. Cell 2001 ;104: 
503-16. 

6. Li Z, Froehlich J, Galis ZS, Lakatta EG. Increased expression of matrix 
metalloproteinase-2 in the thickened intima of aged rats. Hyperten- 
sion 1999;33:116-23. 

7. Majesky MW, Lindner V, Twardzik DR, Schwartz SM, Reidy MA. Produc- 
tion of transforming growth factor beta 1 during repair of arterial in- 
jury. JClin /n vest 1991 ;88:904-10. 



www.e-kcj.org 



http://dx.doi.org/10.4070/kcj.2013.43.273 



78 Arterial Ageing 

8. Huynh J, Nishimura N, Rana K, et al. Age-related intimal stiffening en- 
hances endothelial permeability and leukocyte transmigration. 5c/ 
Trans! Med 2011 ;3:112ra 122. 

9. Yildiz 0. Vascular smooth muscle and endothelial functions in aging. 
Ann N YAcadSci 2007;1100:353-60. 

10. Egashira K, Inou T, Hirooka Y, et al. Effects of age on endothelium-de- 
pendent vasodilation of resistance coronary artery by acetylcholine in 
humans. Circulation 1993;88:77-81. 

11. Tsujimoto G, Lee CH, Hoffman BB. Age-related decrease in beta adren- 
ergic receptor-mediated vascular smooth muscle relaxation. J Pharma- 
colExpTher 1986;239:411-5. 

12. Mitchell GF, Hwang SJ, Vasan RS, et al. Arterial stiffness and cardiovas- 
cular events: the Framingham Heart Study. Circulation 2010;121: 
505-11. 

13. Laurent S, Boutouyrie P, Asmar R, et al. Aortic stiffness is an indepen- 
dent predictor of all-cause and cardiovascular mortality in hyperten- 
sive patients. Hypertension 2001 ;37:1236-41. 

14. Mancia G, De Backer G, Dominiczak A, et al. 2007 Guidelines for the 
management of arterial hypertension: The Task Force for the Manage- 
ment of Arterial Hypertension of the European Society of Hyperten- 
sion (ESH) and of the European Society of Cardiology (ESC). Eur Heart 
J2007;28:1462-536. 

15. Mancia G, De Backer G, Dominiczak A, et al. 2007 Guidelines for the 
Management of Arterial Hypertension: The Task Force for the Manage- 
ment of Arterial Hypertension of the European Society of Hypertension 
(ESH) and of the European Society of Cardiology (ESC). J Hypertens 
2007;25:1105-87. 

16. Benetos A, Adamopoulos C, Bureau JM, et al. Determinants of acceler- 
ated progression of arterial stiffness in normotensive subjects and in 
treated hypertensive subjects over a 6-year period. Circulation 2002; 
105:1202-7. 

17. Masugata H, Senda S, Murao K, et al. Association between urinary 
8-hydroxydeoxyguanosine, an indicator of oxidative stress, and the 
cardio-ankle vascular index in hypertensive patients. J Atheroscler Th- 
romb 2012;19:747-55. 

18. Park S, Lakatta EG. Role of inflammation in the pathogenesis of arterial 
stiffness. Yonsei Med J 201 2;53 :258-61 . 

19. van Bussel BC, Schouten F, Henry RM, et al. Endothelial dysfunction 
and low-grade inflammation are associated with greater arterial stiff- 
ness over a 6-year period. Hypertension 2011 ;58:588-95. 

20. Mahmud A, Feely J. Arterial stiffness and the renin-angiotensin-aldo- 
sterone system. J Renin Angiotensin Aldosterone Syst 2004;5:102-8. 

21. Guerin AP, Blacher J, Pannier B, Marchais SJ, Safar ME, London GM. 
Impact of aortic stiffness attenuation on survival of patients in end- 
stage renal failure. Circulation 2001 ;103:987-92. 

22. Takami T, Shigemasa M. Efficacy of various antihypertensive agents as 
evaluated by indices of vascular stiffness in elderly hypertensive pa- 
tients. Hypertens Res 2003;26:609-14. 

23. Munakata M, Nagasaki A, Nunokawa T, et al. Effects of valsartan and 
nifedipine coat-core on systemic arterial stiffness in hypertensive pa- 
tients, /(m J Hypertens 2004; 17(11 Pt 1):1050-5. 

24. Ma TK, Kam KK, Yan BP, Lam YY. Renin-angiotensin-aldosterone system 
blockade for cardiovascular diseases: current status. Br J Pharmacol 



Korean Circulation Journal 




2010;160:1273-92. 

25. Shahin Y, Khan JA, Chetter I. Angiotensin converting enzyme inhibitors 
effect on arterial stiffness and wave reflections: a meta-analysis and 
meta-regression of randomised controlled trials. Atherosclerosis 2012; 
221:18-33. 

26. Duprez DA. Role of the renin-angiotensin-aldosterone system in vas- 
cular remodeling and inflammation: a clinical review. J Hypertens 2006; 
24:983-91. 

27. Patarroyo Aponte MM, Francis GS. Effect of Angiotensin-converting 
enzyme inhibitors and Angiotensin receptor antagonists in atheroscle- 
rosis prevention. Curr Cardiol Rep 2012;14:433-42. 

28. Park S, Kim JB, Shim CY, et al. The influence of serum aldosterone and 
the aldosterone-renin ratio on pulse wave velocity in hypertensive pa- 
tients. J Hypertens 2007;25:1279-83. 

29. Edwards NC, Steeds RP, Stewart PM, Ferro CJ, Townend JN. Effect of 
spironolactone on left ventricular mass and aortic stiffness in early- 
stage chronic kidney disease: a randomized controlled trial. J Am Coll 
Cardiol 2009;54:505-1 2. 

30. Lacolley P, Labat C, Pujol A, Delcayre C, Benetos A, Safar M. Increased 
carotid wall elastic modulus and fibronectin in aldosterone-salt-treat- 
ed rats: effects of eplerenone. Circulation 2002;106:2848-53. 

31. Nehme JA, Lacolley P, Labat C, et al. Spironolactone improves carotid 
artery fibrosis and distensibility in rat post-ischaemic heart failure. J 
Mol Cell Cardiol 2005;39:511-9. 

32. Wang M, Zhang J, Jiang LQ, et al. Proinflammatory profile within the 
grossly normal aged human aortic wall. Hypertension 2007;50:219-27. 

33. Galis ZS, Khatri JJ. Matrix metalloproteinases in vascular remodeling 
and atherogenesis: the good, the bad, and the ugly. Circ Res 2002 ;90: 
251-62. 

34. Ishibashi M, Hiasa K, Zhao Q, et al. Critical role of monocyte chemoat- 
tractant protein-1 receptor CCR2 on monocytes in hypertension-in- 
duced vascular inflammation and remodeling. Circ Res 2004;94: 
1203-10. 

35. Jiang Y, Beller Dl, Frendl G, Graves DT. Monocyte chemoattractant pro- 
tein-1 regulates adhesion molecule expression and cytokine produc- 
tion in human monocytes. J Immunol 1992;148:2423-8. 

36. Guo F, Liu J, Wang C, Liu N, Lu P. Fibrinogen, fibrin, and FDP induce 
C-reactive protein generation in rat vascular smooth muscle cells: pro- 
inflammatory effect on atherosclerosis. Biochem Biophys Res Commun 
2009;390:942-6. 

37. Smith EB. Fibrinogen, fibrin and the arterial wall. Eur Heart J 1995;16 
Suppl A:11-4; discussion 14-5. 

38. Inoue N. Vascular C-reactive protein in the pathogenesis of coronary 
artery disease: role of vascular inflammation and oxidative stress. Car- 
diovasc Hematol Disord Drug Targets 2006;6:227-31 . 

39. Mattace-Raso FU, van der Cammen TJ, van der Meer IM, et al. C-reac- 
tive protein and arterial stiffness in older adults: the Rotterdam Study. 
Atherosclerosis 2004;176:111-6. 

40. Rodriguez-Mafias L, El-Assar M, Vallejo S, et al. Endothelial dysfunction 
in aged humans is related with oxidative stress and vascular inflam- 
mation. Aging Cell 2009;8:226-38. 

41. Pasceri V, Cheng JS, Willerson JT, Yeh ET. Modulation of C-reactive pro- 
tein-mediated monocyte chemoattractant protein-1 induction in hu- 



http://dx.doi.org/10.4070/kcj.2013.43.273 



www.e-kcj.org 



Korean Circulation Journal 



man endothelial cells by anti-atherosclerosis drugs. Circulation 2001 ; 
103:2531-4. 

42. Mahmud A, Feely J. Arterial stiffness is related to systemic inflamma- 
tion in essential hypertension. Hypertension 2005;46:1118-22. 

43. Nagano M, Nakamura M, Sato K, Tanaka F, Segawa T, Hiramori K. Asso- 
ciation between serum C-reactive protein levels and pulse wave veloc- 
ity: a population-based cross-sectional study in a general population. 
Atherosclerosis 2005;180:189-95. 

44. Chae CU, Lee RT, Rifai N, Ridker PM. Blood pressure and inflammation 
in apparently healthy men. Hypertension 2001 ;38:399-403. 

45. Provan SA, Angel K, Semb AG, et al. Early prediction of increased arte- 
rial stiffness in patients with chronic inflammation: a 15-year followup 
study of 108 patients with rheumatoid arthritis. J Rheumatol 2011; 
38:606-12. 

46. Maki-Petaja KM, Hall FC, Booth AD, et al. Rheumatoid arthritis is asso- 
ciated with increased aortic pulse-wave velocity, which is reduced by 
anti-tumor necrosis factor-alpha therapy. Circulation 2006;1 1 4:11 85- 
92. 

47. Yildiz M, Yildiz BS, Soy M, Tutkan H. Impairment of arterial distensibili- 
ty in premenopausal women with systemic lupus erythematosus. Kar- 
diolPol 2008;66:1194-9; discussion 1200-1. 

48. Galarraga B, Khan F, Kumar P, PullarT, Belch JJ. Etanercept improves 
inflammation-associated arterial stiffness in rheumatoid arthritis. Rh- 
eumatology (Oxford) 2009;48:1 41 8-23. 

49. KovacicJC, Moreno P, Hachinski V, Nabel EG, FusterV. Cellular senes- 
cence, vascular disease, and aging: part 1 of a 2-part review. Circula- 
tion 2011;123:1650-60. 

50. Reunert J, Wentzell R, Walter M, et al. Neonatal progeria: increased ra- 
tio of progerin to lamin A leads to progeria of the newborn. Eur J Hum 



Seung-Jun Lee, et al. 79 



Genet 2012;20:933-7. 

51. Ragnauth CD, Warren DT, Liu Y, et al. Prelamin A acts to accelerate 
smooth muscle cell senescence and is a novel biomarker of human 
vascular aging. Circulation 2010;121:2200-10. 

52. Lefevre C, Auclair M, Boccara F, et al. Premature senescence of vascular 
cells is induced by HIV protease inhibitors: implication of prelamin A 
and reversion by statin. Arterioscler Thromb Vase fi/o/2010;30:2611 -20. 

53. Capell BC, Olive M, Erdos MR, et al. A farnesyltransferase inhibitor 
prevents both the onset and late progression of cardiovascular dis- 
ease in a progeria mouse model. Proc Natl Acad Sci U S A 2008;105: 
15902-7. 

54. Glynn MW, Glover TW. Incomplete processing of mutant lamin A in 
Hutchinson-Gilford progeria leads to nuclear abnormalities, which are 
reversed by farnesyltransferase inhibition. Hum Mol Genet 2005;14: 
2959-69. 

55. Mallampalli MP, Huyer G, Bendale P, Gelb MH, Michaelis S. Inhibiting 
farnesylation reverses the nuclear morphology defect in a HeLa cell 
model for Hutchinson-Gilford progeria syndrome. Proc Natl Acad Sci 
USA 2005;102:14416-21. 

56. Mans RA, McMahon LL, Li L. Simvastatin-mediated enhancement of 
long-term potentiation is driven by farnesyl-pyrophosphate deple- 
tion and inhibition of farnesylation. Neuroscience 2012;202:1-9. 

57. Hongo M, Kumazaki S, Izawa A, et al. Low-dose rosuvastatin improves 
arterial stiffness in high-risk Japanese patients with dyslipdemia in a 
primary prevention group. CircJ 2011 ;75:2660-7. 

58. Cenni V, Capanni C, Columbaro M, et al. Autophagic degradation of 
farnesylated prelamin A as a therapeutic approach to lamin-linked pro- 
geria. EurJHistochem 2011 ;55:e36. 




www.e-kcj.org 



http://dx.doi.org/10.4070/kcj.2013.43.273 



